Transmit maximum ratio combining (MRC) allows to extend the range of wireless local area networks (WLANs) by exploiting spatial diversity and array gains. These gains, however, depend on the availability of the channel state information (CSI). In this perspective, an open-loop approach in time-division-duplex (TDD) systems relies on channel reciprocity between up-and downlink to acquire the CSI. Although the propagation channel can be assumed to be reciprocal, the radio-frequency (RF) transceivers may exhibit amplitude and phase mismatches between the up-and downlink. In this contribution, we present a statistical analysis to assess the impact of these mismatches on the performance of transmit-MRC. Furthermore, we propose a novel mixed-signal calibration scheme to mitigate these mismatches, which allows to reduce the implementation loss to as little as a few tenths of a dB.
INTRODUCTION
High-throughput (HT) wireless local area networks (WLANs) of the fourth-generation, the physical (PHY), and medium access control (MAC) layer of which is currently being standardized in the IEEE 802.11n task group [1] aim to significantly increase the data rate, to significantly improve the quality-of-service (QoS), and to significantly extend the range, compared to existing IEEE 802.11a/g type of WLANs. To satisfy these ambitious requirements over the highly space-and frequency-selective indoor propagation channel, multiple-input multiple-output (MIMO) orthogonal frequency-division multiplexing (OFDM) techniques perform low-complexity space-frequency processing to boost the spectral efficiency (and, hence, the data rate), as well as the performance (and, hence, the QoS and/or the range), compared to their single-antenna counterparts [2] [3] [4] . In this perspective, transmit maximum ratio combining (TX-MRC) is a simple yet powerful antenna diversity technique that allows to significantly extend the range by exploiting both (transmit) spatial diversity and (transmit) array gain [5, 6] . It is particularly attractive in multiple-input single-output (MISO) downlink scenarios, where the multiple-antenna access point would optimally weigh the transmit data stream across its antennas, such that channel filtering leads to maximum receive signal-to-noise (SNR) coherent reception at the single-antenna terminal. However, the calculation of the transmit MRC weights requires knowledge of the downlink channel state information (CSI).
For time-division duplexing (TDD) systems, perfect channel reciprocity between up-and downlink is commonly assumed, as long as the round-trip delay is shorter than the channel's coherence time. This assumption allows for an open-loop approach to solve the CSI acquisition problem, in which the CSI estimated during the uplink phase is used for the calculation of the transmit MRC weights employed during the downlink phase. Even though the propagation channel is reciprocal in itself, it has been recently recognised that this is certainly not the case for the radio-frequency (RF) transceivers, which may exhibit significant amplitude and phase mismatches between the up-and downlink as well as across the access point antennas [7] [8] [9] [10] [11] . Since these mismatches essentially compromise the correct calculation of the transmit MRC weights, they may result in a severe performance degradation. Hence, there is clearly a need, first, to critically assess the impact of amplitude and phase mismatches on the end-to-end system performance of TX-MRC, and, second, to devise an effective means to mitigate its effect, whenever proven essential and valuable.
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Parallel/serial IFFT UT ν x [1] x [N] s [t] . . . Figure 1: The uplink system model.
In this paper, we propose a novel statistical analysis of the impact of multiantenna RF transceivers' amplitude and phase mismatches on transmit MRC. Our analytical approach not only allows both simpler and more reliable evaluation of the impact of each of the mismatches, but, most importantly, it allows to develop a fundamental understanding of their origin and relative importance. In related work, the impact of the mismatches has only been assessed through computer simulations [7] [8] [9] [10] . In order to mitigate the multiantenna RF transceivers' problem, we also propose a novel two-step mixed-signal calibration method, which, in a first step, measures, via additional RF calibration hardware, the actual multiantenna transmit and receive front-end mismatches, and, in a second step, compensates for them digitally. Parts of the work described in this paper have been previously published in [12, 13] .
The paper is organized as follows. Section 2 introduces the system model, including a simple yet realistic model for the multiantenna RF transceivers' amplitude and phase mismatches. Based on this model, Section 3 pursues a statistical approach to assess and evaluate the impact of the different mismatches on the end-to-end performance of transmit MRC. To mitigate the effect of these mismatches, Section 4 describes our mixed-signal calibration method, including its practical implementation and integration in a real-time wireless prototype. Finally, Section 5 summarizes our results and formulates the major conclusions.
Notation
We use normal letters to represent scalar quantities, boldface lower-case letters to denote column vectors, and boldface upper-case letters to denote matrices. (·) * , (·) T , and (·) H represent conjugate, transpose, and Hermitian, respectively. Further, | · | and · represent the absolute value and Frobenius norm, respectively. We reserve E{·} for expectation, and · for integer flooring. Subscript a points to the ath antenna.
SYSTEM MODEL
The transmit MRC OFDM-based WLAN communication system, under consideration, is depicted in Figure 1 . It consists of an access point (AP) equipped with A antennas and a single-antenna user terminal. In such TDD system, assuming the round-trip delay is shorter than the coherence time of the channel, channel reciprocity is commonly put forth to justify the convenient and spectrally efficient use of the CSI already acquired from the uplink, in the calculation of the transmit MRC weights for the downlink. In this section, we critically evaluate this channel reciprocity assumption. To do that, we accurately model both the uplink channel estimation, which determines the transmit MRC weights, and the downlink data transmission, which actually uses these weights. Our modeling includes the crucial yet commonly neglected contributions of the AP's multiantenna RF transceivers as well as the terminal's single-antenna RF transceiver.
Uplink channel estimation
During the uplink phase, the user terminal groups the incoming data symbols x[n] into blocks of N data symbols. These blocks are denoted by the symbol vector 
] is digital-toanalog converted. The continuous-time signal s(t) is sent through the A convolutional channels f Rx,a (t) h a (t) g Tx (t), which each represents the concatenation of the equivalent baseband representations of the terminal's transmit frontend g Tx (t), the multipath propagation channel h a (t), and the receive front-end f Rx,a (t) corresponding to the AP's ath antenna. At the output of the AP's ath receive front end, the received time domain signal r a (t), which consists of the convolutional product f Rx,a (t) h a (t) g Tx (t) s(t) and an AWGN term f Rx,a (t) w a (t), is converted to the digital domain and again grouped into blocks of size N + ν. After discarding the ν-sample cyclic prefix and taking the N-tap FFT of each received block, we end up with A received sequences y a [n] on each carrier. These signals y a [n] are then postprocessed to estimate the frequency-domain counterparts of the A convolutional channels f Rx,a (t) h a (t) g Tx (t), and subsequently to provide estimates x m [n] for the transmitted symbols x m [n] .
If ν is larger than the length of composite channels f Rx,a (t) h a (t) g Tx (t), the linear convolution is observed as [n] . Consequently, the data model on subcarrier n reads:
. . .
where the OFDM symbol block index m has been dropped because we are interested in block-by-block detection of x m . Clearly, OFDM modulation decouples the convolutional composite channel into a set of N orthogonal flat-fading composite channels, on the N subcarriers. This property is exploited by the AP to carry out data detection on each subcarrier independently. Accordingly, on subcarrier n, x[n] is detected based on the estimated frequency-domain composite channel CSI uplink [n] on that subcarrier. 1
Downlink data communication
Before the actual data communication can start, the AP computes the transmit MRC precoder p[n] corresponding to each subcarrier n, based on the previously acquired CSI uplink [n] . This A×1-dimensional transmit MRC precoder is defined as
During the downlink phase, the transmit MRC precoder p[n] is then used, on subcarrier n, to spatially spread the in- [n] , and can easily seen to be
Replacing p[n] by its expression of (2), where CSI uplink is given by (1), the received signal of (3) can be explicitly rewritten:
where the subcarrier n is dropped for notational brevity.
Nevertheless, all equations and results of this section are formulated and should be understood per subcarrier. Furthermore, the receive SNR, per subcarrier, is given by
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where E s /σ 2 w is the average transmit power over the receiver noise power. It would also correspond to the average receive SNR for a single-input single-output (SISO) system with the same average transmit power. The receive SNR of (5) exclusively determines the performance of the transmit MRC system. Clearly, the user terminal related coefficient in (4) does not alter the performance of the transmit MRC. Consequently, the user terminal front end will be omitted in the subsequent analysis. Moreover, (5) shows that the amplitude and phase mismatches in the multiantenna AP transceivers disturb the response of the transmit MRC. Indeed, the ideal response is given by [5, 6] :
In order to quantify the nature and magnitude of the disturbance caused by amplitude and phase mismatches, in the AP's multiantenna RF transceivers, a model of these nondeterministic and time-varying mismatches needs to be formulated.
Amplitude and phase mismatch model
An ideal front end has a baseband equivalent response of unit amplitude and zero phase. Because of random process variations, an actual front end will exhibit a random response around this nominal ideal response. The magnitude of the exhibited deviation from the nominal response depends on the magnitude of process variations. In all the following, we equivalently refer to the random front-end response, around the ideal one, as a mismatch in the front-end response.
On a given subcarrier, we model the mismatches in the responses of the transmit and receive front ends using complex gains f = | f |e j arg( f ) , where | f | and e j arg( f ) represent the amplitude and phase mismatches, respectively. Moreover, we consider only a first-order approximation of the front-end behavior such that nonlinearities can be neglected. Under this approximation, | f | and e j arg( f ) as well as their stochastic distributions can be considered independent. The latter stochastic distributions are as follows:
(i) the amplitude | f | is modeled as a real Gaussian variable. Its mean value is here given by the unit nominal ideal value and its variance is denoted σ 2 || . While the Gaussian model is commonly used to model RF amplitude errors, it is assumed that the variance σ 2 || is small, up to 40%, such that the occurrence of negative realizations is negligible, (ii) the angle arg( f ) is considered to be uniformly distributed in the range [−Φ, Φ]. The uniform distribution was retained as a worst-case distribution due to the large variability of the phase as well as the inherent ambiguity of its baseband equivalent representation, defined only between [−π, π[.
The parameters σ 2 and Φ reflect how well the branches of the multiantenna transmit/receive front end are matched. These parameters may be different for the transmit and receive paths.
Practical system parameters
When quantifying the impact of the amplitude and phase mismatches, in the AP's multiantenna RF transceivers, on transmit MRC, an AP with A = 2 antennas will be instantiated. The OFDM-based IEEE 802.11a indoor WLAN standard [14] will be used for all physical layer parameters. For instance, there are N = 64 subcarriers of which 48 are used for data and a ν = 16-sample cyclic prefix. Furthermore, the proposed IEEE 802.11 TGn channel D [15] , which models typical indoor channels with a 50 ns rms delay spread, will be used for all Monte Carlo performance simulations. Finally, we consider amplitude mismatches up to σ || = 40%, and phase mismatches corresponding to up to Φ = 180 degrees.
IMPACT ANALYSIS
To gain insight into their respective contributions to the degradation of the system performance, we evaluate the impact of each mismatch separately. The performance is measured in terms of the SNR loss with respect to the ideal transmit MRC response, R = SNR / SNR ideal . Note that R is expressed in linear units.
Transmit amplitude mismatch only
This scenario arises when the A receive front-end chains are ideal and the A transmit front-end phases are equal to zero:
The resulting SNR loss, R is given by
Based on the mismatch model introduced in Section 2.3, the transmit amplitude mismatches {| f Tx,a |} a are independent identically distributed (i.i.d) Gaussian variables of unit mean and variance σ
. This model, however, would artificially lead to an increase of the average transmit power by a factor (1 + σ 2 || ), which is basically the mean of | f Tx,a | 2 . Consequently, the transmit amplitude mismatches must be normalized to ensure that the average transmit power is E s . Thus, the transmit amplitude mismatch should rather be modeled as
Being a sum of scaled versions of independent Gaussian variables, the numerator of (8) is also Gaussian distributed as Gaussian distributed:
Finally, as the square of a noncentral Gaussian variable, R follows a noncentral Chi-square distribution [16] with mean E{R} = μ 2 + σ 2 and variance Var{R} = 4μ 2 σ 2 + 2σ 4 :
Interestingly, the mean of the linear SNR loss, R, reads:
The aim of the proposed statistical analysis is to provide an accurate characterization of the SNR degradation induced by the multiantenna RF transceivers' transmit amplitude mismatches on the performance of transmit MRC. Figure 3 validates this analysis and quantifies the resulting SNR degradation for the practical transmit MRC system described in Section 2.4.
Transmit phase mismatch only
This scenario occurs when the A receive front-end chains are ideal, and the A transmit front-end amplitudes are equal to one:
The corresponding linear SNR loss, R, reads:
To identify the statistics of R, we substitute e j arg( fTx,a) = cos[arg( f Tx,a )] + j sin[arg( f Tx,a )] and develop (14) into
where 
Based on (16) and (17), the expected value E{Y i, j } is easily found to be
Consequently, the expected value of the SNR loss R, in (15) can then be drawn:
We now similarly determine the variance of R, Var{R}, given by
Since {Y i, j } i, j, i< j are identically distributed yet statistically dependent, the previous expression develops into
The evaluation of Var{Y i, j }, based on (16) and (17), can be shown to lead to
Recalling the previously calculated expectation E{Y i, j } used in (18), we only need to identify the correlation 
When the AP has A = 4 antennas, we need to evaluate the expectation
The resulting two expressions are:
Based on the results in (22) and (25), the variance of R, in presence of transmit phase mismatch can be reduced to
Even though, we only evaluated Var{R} of (21) for A = {2, 4}, which are of interest in this work. The same proposed approach can be used to evaluate the variance of the linear SNR loss, provided the adaptation of the joint probability density function f {Z}i (z 1 , . . . , z A ) and a careful count of all the involved cross terms E{Y i, j Y k,l }. Figure 4 validates the analytically calculated mean and variance of SNR loss R, as it shows that they perfectly fit the simulated ones for the practical system previously introduced in Section 2.4.
Receive amplitude mismatch only
This scenario depicts the case when the A transmit RF chains are ideal, and the A receive front-end phases are equal to zero:
The linear SNR loss, R, is now expressed as
Jian Liu et al. We note that each x a = |h a || f Rx,a | is Gaussian distributed as N (μ a = |h a |, var a = σ 2 || |h a | 2 ). Furthermore, {x a } 1≤a≤A are statistically independent. Thus, their joint probability density function (pdf) is simply given by
The mean as well as the variance of R can then be determined by evaluating two M T -tuple infinite integrals over {x a } 1≤a≤A .
where R of (28) is rewritten as
To ensure both the convergence and ease of the numerical integration, we try to convert both infinite integrals (30) to finite ones. This is achieved by making the simple but key observation that the
A a=1 x 2 a lies on the A-dimensional unit hypersphere. Consequently, it can be represented using the Adimensional spherical coordinates (r, φ 1 , . . . , φ A−1 ), whose pdf can be simply related to that of {x a } 1≤a≤A , as follows:
Straightforward developments of (32) lead to in which φ 0 = 0. Since Y lies on the A-dimensional unit sphere, it is independent of the radius r and is only parametrized by the angles (φ 1 , . . . , φ A−1 ). Therefore, we only need the joint distribution of these angles, which is obtained by the integration of (33) with respect to r. For A = 2, the desired pdf of the single angle φ 1 was found to be
While the joint distribution of (φ 1 , φ 2 , φ 3 ), for A = 4, can be shown to be
Finally, reformulating the SNR loss R of (31), in terms of the A-dimensional spherical coordinates:
It is clear that the pdfs of (35) and (36) will enable us to calculate the expected value as well as the variance of R, for A = 2 and A = 4, respectively, by the evaluation of the following (A − 1)-tuple finite integrals:
(38) Figure 5 confirms that our analytical characterization is in perfect agreement with the simulated results for the practical system, whose parameters have been highlighted in Section 2.4.
Receive phase mismatch only
This scenario corresponds to the case where the A transmit front-end chains are ideal, and the A receive front-end amplitudes are equal 1,
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The SNR loss, R, is given by
Recalling that the phase mismatches are modeled such that arg( f Tx ) and arg( f Rx ) follow the same distribution, which is symmetrical around zero, (40) and (14) are basically equivalent. More importantly, all the results on the characterization of the statistics of linear SNR loss, R, obtained for transmit phase mismatch, hold here as well, provided that the value of Φ is adjusted to that of the receive front ends.
Conclusions of impact analysis
The numerical results of Figures 3, 4 , and 5, provided as a validation of our analytical impact analysis, further confirm that the AP multiantenna RF transceivers' amplitude and phase mismatches can severely degrade the transmit MRC performance and may even annihilate most of its potential SNR array gain. The receive amplitude mismatch is shown to be less harmful than its transmit counterpart. This is because it is attenuated by the normalization in the calculation of the transmit MRC weights, as shown in (28). Phase mismatch could cause big SNR loss, since the combining at the receiving user terminal is not in phase any more.
MITIGATION THROUGH MIXED-SIGNAL TRANSCEIVER CALIBRATION
From Section 3, we have learned that the transmit MRC scheme implies a complex weighting in each of the antenna branches, and that an inaccuracy in these weights caused by multiantenna RF transceivers' amplitude and phase mismatches can lead to a severe performance degradation. The amplitudes and phases of the transmitter and receiver can have widely differing values. Especially, the phases can be totally random due to local oscillator phases, different sampling clock offsets or frequencies, different phase responses of the RF and intermediate frequency (IF) analog filters, different track lengths, different impedance mismatches, and so forth. Although proper and sound design techniques can prevent problems related to local oscillators (LOs) and sampling clocks (common clocks, common LOs), it is much more difficult to guarantee by design that the phases (as well as the amplitudes) of the complete analog chains of all antenna branches are perfectly matched. In order to mitigate this mismatches problem, we advocate a two-step mixedsignal calibration procedure, which, in a first step, measures the frequency responses of the transmitter and receiver antenna branches, and, in as second step, compensates for them digitally. This section is organized as follows. Section 4.1 determines the calibration requirement to enforce front-end reciprocity. Section 4.2 discusses the most important calibration methods that have been proposed in the state of the art. Section 4.3 explains our proposed calibration method in more detail, whereas Section 4.4 describes its practical implementation and integration into a real-time wireless MIMO-OFDM prototyping platform.
Front-end reciprocity requirement
We can notice from (5) , that, for a maximum SNR TX-MRC solution, the multiantenna transceiver (TRX) has to fulfill
where ξ is a complex scalar. This requirement can be reformulated into
which can be interpreted as a matching problem. Because of the unpredictable characteristics of analog TRX FEs, a method to digitally calibrate the gain and phase mismatch is desirable,
where the c a 's are the complex calibration scalars to be identified, and α is another complex scalar.
State-of-the-art calibration methods
To the authors' knowledge, four different types of amplitude and phase mismatch calibration methods can be identified in the state of the art. The first method, which performs separate TX and RX gain and phase mismatch calibration, was proposed in [7, 9, 10] . In this method, the absolute value of both the transmitter and receiver frequency responses needs to be estimated before the calibration can be done, which requires a veryhigh RF circuit complexity, mainly caused by the need for a very accurate and, hence, expensive RF signal generator.
The second method, which relies on the normalized least mean squares (NLMS) algorithm, was proposed in [8] . Unfortunately, this multiantenna receiver mismatch calibration scheme only works at the receive side, whereas TX-MRC processing requires calibration at the transmit side.
The third method, which is an essential part of the Qualcomm IEEE802.11n proposal, has been proposed in [17] . This, so-called "over-the-air" calibration method, first measures the composite channels (propagation channel, including analog TRXs) in both the up-and downlink direction, and signals the measurement obtained at one side of the link to the other side. The knowledge of the measured upand downlink channels at each side, finally, allows to enforce channel reciprocity in both the AP and the terminal. One major problem with this method is that the calibration needs to be completely redone, once the user terminal setup changes, for example, when a user terminal is switched off and on again, or, when a new user terminal joins the communication setup.
As we will show in Section 4.3, our mixed-signal calibration method avoids the need for knowledge about the absolute value of the TRX frequency responses, such that the RF circuit complexity can be significantly reduced. Furthermore, it does not involve the user terminal, hence, avoiding the need for time-consuming recalibration upon terminal change. In fact, our calibration method is quite stable, only requiring recalibration every few hours.
Proposed calibration method
We propose, in a first step, to use a calibration transceiver (TRX) to measure the frequency response of the AP's TRX FEs, and, in a second step, to calibrate the amplitude and phase mismatch digitally, as shown in Figures 6 and 8 . In Figure 6 , TX1, TX2 and RX1, RX2 are two transmitters and two receivers of the AP for a multiantenna system. TXC and RXC are the calibration transmitter and receiver, also implemented in the AP. S1, S2, and S3 are three switches for TDD operation; DCo1 and DCo2 are two power directional couplers; and CS is a power combiner/splitter. The signals transmitted during calibration are dedicated test signals, typically training symbols with low peak-toaverage power ratio (PAPR). To ensure that RXC can distinguish between the test signals coming from TX1 and TX2, TX1 and TX2 transmit on interleaved subsets of the 52 OFDM data subcarriers, as shown in Figure 7 . Therefore, TX1 and TX2 can transmit their signals simultaneously. The signals coming from TX1 and TX2 will pass through directional couplers, and will be combined at the power combiner before being received by RXC. TXC transmits training symbols on all the 52 OFDM data subcarriers. The signal will undergo the power splitter and the two directional couplers to RX1 and RX2. The test signals are BPSK signals; channel estimation is performed at the receivers, so that the final received signals are the TFs corresponding to that transmission chain.
From the calibration loop, we can measure four transfer functions as shown in (44). As TF1 and TF2, each have information on 26 subcarriers (interleaved), curve fitting in the frequency domain must be applied to recover the missing information. Curve fitting is implemented by linear interpolation in band and holding at the edges of the band. After the curve fitting, all the 4 TFs have information on 52 subcarriers, division TF3/TF1 and TF4/TF2 can be done.
Due to the reciprocity of the power devices and the nonreciprocity of the switches, we obtain 
TF3 TF1
In the result of TF3/TF1 and TF4/TF2, the effect of directional coupler and splitter/combiner is cancelled due to their reciprocity. The switches S1 and S2 are not reciprocal, but their nonreciprocity is part of what needs to be calibrated, so (S1 port 0 → port 2)/(S1 port 1 → port 0) can be absorbed into f RX,1 / f TX,1 ; similarly, (S2 port 0 → port 2)/(S2 port 1 → port 0) can be absorbed into f RX,2 / f TX,2 , leading to
Here, α is a common factor, defined as
Therefore, the calibrating matrix can be written as
In the implementation, the positions of c 1 and c 2 are shown in Figure 8 . By multiplying c 1 and c 2 into the TX blocks, the reciprocity requirement in (43) is achieved. 
Implementation and measurement results
The proposed calibration method has been implemented in IMEC's MIMO prototyping platform, the so-called PI-CARD platform (see Figure 9 ). This platform supports realtime wireless MIMO transmission schemes with either transmit or receive processing. The calibration procedure with an auxiliary front end, as described in Section 4.3, has been integrated into this platform. In this way, transmit processing with reverse link channel estimation is possible. The maximum number of antennas is two at either side. From this paper's perspective, a "2x1" TX-MRC system can be tested. In this setup, the receiver is a conventional single-antenna receiver. When TX-MRC is used, the platform is configured with the PHY layer parameters (modulation format, preambles, etc.) of the IEEE802.11a/g standard [14] .
We have carried out wireless measurements at 5 GHz in the RF-DSP lab of IMEC over various indoor propagation channels. We present here the results over four representative channels. Channels 1 to 3 featured significant multipath (no direct line of sight), whereas channel 4 had a direct line-of-sight component. The channel frequency responses are shown in Figure 10 . Note that the room had moderate dimensions, which explains that there are no sharp dips in the channel frequency responses.
For each channel, ten SNR measurements were made. The SNR was obtained by the error vector magnitude (EVM) of the received constellations. The EVM measures the mean of the magnitude of the error of the constellation points. For normalized constellations, the inverse of this mean value is a good estimate of the postprocessing SNR, provided that the constellation clouds do not overlap too much. Table 1 shows the mean and variance of the SNR measured over the four channels, with and without calibration. When calibrated front ends are used, an improvement on the mean SNR of 1 to 4 dB is observed. The observed SNRs fluctuate, which are due to several reasons: data dependency of the constellation symbols, noise fluctuations, and channel time variation. Of these three, the channel time variations have the highest impact. Indeed, there is a time delay of about 10 ms in our setup between the reverse link channel estimation and the actual use of the channel in the forward link, so that the channel estimate is sometimes outdated. Therefore, channel time variation can have some adverse impact on the performance improvement of the transmit MRC. Finally, we notice that the variance of the SNR is higher with calibration than without calibration. This can be related again to channel variations. When the calibration is not applied, we are in a situation where the MRC weights are not optimal, whether or not the channel is outdated, and the effect of channel variation is not very visible. On the contrary, with calibration, the highest SNR is obtained when the channel is static, and significant SNR reduction occurs when the channel is not static. Hence, higher SNR variations are observed in the calibrated case due to channel variations. Globally, as can be seen from the mean SNRs, the calibrated front ends perform significantly better over a real wireless channel, as could be expected from the analysis and performance results in Section 3.
CONCLUSION
In this paper, we have presented a novel statistical analysis to assess the impact of multiantenna RF transceivers' amplitude and phase mismatches on a transmit MRC system that relies on the CSI estimate obtained during the uplink phase to determine the transmit MRC weights employed during the downlink phase. The obtained numerical results, for a MISO-OFDM system operating over realistic spaceand frequency-selective indoor channels, suggest that these effects can completely annihilate the SNR gain promised by an ideal transmit MRC system. More importantly, the receive amplitude mismatch seems to be less harmful than its transmit counterpart, since the former is attenuated by a normalization factor that appears in the calculation of the transmit MRC weights. Furthermore, phase mismatch could induce big performance degradation, due to the fact that the signals at the receiving user terminal combine out of phase instead of in phase.
To mitigate the detrimental effect of multiantenna RF transceivers' amplitude and phase mismatches in transmit MRC, we have proposed a novel mixed-signal calibration scheme, which, first, measures, via additional RF calibration hardware, the actual multiantenna transmit and receive front-end mismatches, and, subsequently, compensates for these mismatches in the digital domain. Simulation results indicate that the proposed calibration scheme can reduce the implementation loss to as little as a few tenths of a dB. Furthermore, our scheme exhibits two major advantages compared to competing alternatives described in the state of the art. First, it avoids the need for knowledge about the absolute value of the transceivers' frequency responses, hence, significantly reducing the complexity of the additional RF calibration hardware. Second, it does not involve the user terminal in the calibration process, hence, avoiding the need for a time-and bandwidth-consuming recalibration procedure upon changes in the user terminal setup. Last but not least, to demonstrate the feasibility of our calibration scheme in real life, we have described its practical implementation and integration into a real-time wireless MIMO-OFDM prototyping platform.
